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DESCRIPTION 
WARM CONTROL ROLLING METHOD 

Technical Field 

The present invention relates to a warm control rolling method. More 
specifically, the invention relates to a manufacturing method of ultrafine particle steel 
material excellent in strength and ductility having ultrafine crystal structure of grain size 
of 3 \xm or less. 



Background Art 

Ultrafine particle steel can extremely enhance the strength without adding alloy 
elements, and simultaneously reduces the ductility and brittleness transition temperature 
extremely, and hence the present inventors have been studying about measures for 
realizing this ultrafine particle steel industrially, and have already disclosed inventions, 
warm multipass rolling method (document 1) and multidirectional processing method 
(document 2). 

On the other hand, various methods have been proposed so far for 
manufacturing ultrafine particle steel, but nothing has been known about the method of 
controlling the grain size quantitatively. 

For example, Fujioka et al. (document 3) proposed a manufacturing method of 
high tension steel characterized in using a billet comprising C: 0.03 to 0.45 weight (wt.) %,. 
Si: 0.01 to 0.50%, Mn: 0.02 to 5.0%, Al: 0.001 to 0.1%, and balance of Fe and inevitable 
impurities, processing it by one pass or two or more consecutive passes with interval of 
each pass of within 20 seconds, at temperature of 500 to 700°C, strain speed of 0.1 to 
20/sec, and total strain amount of 0.8 to 5.0, and then cooling slowly. 

They also proposed a manufacturing method of high tension steel of fine crystal 
particles characterized in using a billet comprising, by wt.%, C: 0.03 to 0.9, Si: 0.01 to 1.0, 
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Mn: 0.01 to 5.0, Al: 0.001 to 0.5, N: 0.001 to 0.1, and also at least one of Nb: 0.003 to 0.5 
and Ti: 0.003 to 0.5, and balance of Fe and inevitable impurities, and satisfying the 
relation of C + (12/14)N > (12+48)Ti (12/487)Nb + 0.03, casting it or heating it and cooling 
it once into the temperature range of 500°C to room temperature after rolling or without 
rolling, heating, 

rolling in warm process at 700 to 550°C by processing it in one pass or two or more 
consecutive passes with pass interval of within 10 seconds with draft per pass of 20% or 
more, at strain speed of 1 to 200 sec, and total strain amount of 0.8 to 5, and then cooling 
slowly (document 4). 

In these two methods, however, nothing is taught about control method of grain 
size. In these methods, moreover, the pass duration is limited and the strain speed is also 
limited, and it is considered difficult to apply industrially. 

In this background, the inventors have further promoted studies, and found that 
it is important to control the cumulative strain in multipass rolling, processing 
temperature, strain speed, and pass duration comprehensively, not individually, in order 
to form an ultraflne crystal structure. As a result, it is known that the grain size depends 
on parameter Z of processing temperature and strain speed expressed in formula (1), and 
the present inventors have proposed a new control method of grain size by clarifying the 
relation of Z and grain size through one-pass rolling experiment (prior application 1). 



e: strain 

t: duration from start till end of rolling (s) 

T: rolling temperature (°C, or average of rolling temperature of each pass in the 
case of multipass rolling) 

Q: 254,000 if mother phase of texture just before rolling is ferrite, bainite, 




(1) 



martensite, or pearlite; 300,000 if mother phase is austenite. 

In this method, to manufacture ultrafine ferrite steel with crystal size of 1 
microns or less, it is found that the rolling condition parameter Z in formula (1) should be 
11 or more (in the case the texture before rolling is ferrite, bainite, martensite, pearlite or 
the like, that is, the iron crystal structure is bcc), and that the strain speed can be defined 
by the value of the total strain 8 being divided by the time t from start till end of rolling, 
and hence ultrafine crystal particles of 1 micron or less can be obtained in the condition of 
strain e = 3.0 and total rolling time t = 300 s, that is, strain speed = 0.01/s, and this newly 
proposed method can be applied in a wide range. 

According to this method, the grain size can be controlled without limitation in 
pass interval or strain speed. 

However, in the subsequent process of researches by the present inventors, new 
problems have been also unveiled, that is, the actual rolling is continuous multipass 
process, and when the parameter Z is 11 or more, the rolling temperature corresponds to 
the warm processing temperature region (350 to 800°Q, and the deformation resistance of 
steel is large and the processing heat generation of material is large in this case, and the 
material temperature may rise several hundred degrees during continuous rolling, there 
by resulting in Z < 11, and ultrafine structure of 1 micron may not be formed. 

It has been hence demanded to develop a method capable of controlling the grain 
size stably even in such continuous multipass rolling. 

Document 1: Japanese Patent Application Laid-Open No. 2000-309850 
Document 2: Japanese Patent Application Laid-Open No. 2001-240912 
Document 3: Japanese Patent Application Laid-Open No. 9-279233 
Document 4: Japanese Patent Application Laid-Open No. 2000-104115 
Prior application 1: Japanese Patent Application No. 2002-54670 
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The present invention is applied in the light of the above background, and 
presents a new control rolling method in consideration of processing heat generation, as a 
method capable of applying the new method of controlling the parameter Z according to 
the proposal of the inventors in continuous rolling process, stably manufacturing ultrafine 
crystal steel of 3 microns to 1 micron or less without any limitation in pass internal or 
strain speed. 



Disclosure of Invention 

To solve the problems, it is a first aspect of the invention to present a rolling 
method of manufacturing steel mainly composed of fine ferrite particle texture with 
average ferrite grain size of 3 ^im or less, which comprises, in the rolling process of one 
pass or more of rolling in condition where the rolling condition parameter expressed in 
formula (1) 



Z=log 



exp 



1^8.31 (T + 273) J 



(1) 



e: strain 

t: duration from start till end of rolling (s) 

T: rolling temperature (°C, or average of rolling temperature of each pass in the 
case of multipass rolling) 

Q: 254,000 if mother phase of texture just before rolling is ferrite, bainite, 
martensite, or pearlite; 300,000 if mother phase is austenite. 



is 11 or more (in the case the texture just before rolling is ferrite, bainite, martensite, or 
pearlite, that is, Fe crystal structure is bcc) or 20 or more (in the case the texture just 
before rolling is austenite, that is, Fe crystal structure is fee), and the rolling temperature 
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range is a temperature zone of 350 °C to 800 °C, rolling under condition that the material 
temperature upon start of rolling of each rolling process does not exceed the maximun 
temperature of 800 °C and the material temperature during rolling and right after final 
rolling (within 1 second) is not 350 °C or lower, and rolling so that, in each rolling process, 
temperature T MUt right after rolling (within 1 second) is not higher than temperature that 
is higher than rolling entry temperature T x ^ n by 100 °C and the material temperature right 
after rolling (within 1 second) is not lower than temperature that is lower than the 
temperature right before rolling by 100°C. 

Herein, the strain used in formula (1) is an industrially simple strain, that is, 
true strain e. For example, supposing the initial area of steel bar to be S 0 and the 

C-section area after rolling to be S, the reduction of area R is expressed as 

R = (S 0 -S)/S 0 (2) 

Hence, the true strain e is 
e = -Ln(l-R) 

Instead of the true strain, plastic strain obtained by finite element method may be used. 
Calculation of plastic strain is specifically explained in reference documents (Inoue, et al., 
"Iron and Steel", 68 (2000) 79; Keizaburo Harumi, et al., "Introduction to finite element 
method" (Kyoritsu Publishing), March 15, 1990). 

The rolling time t may be the total rolling time including the pass intervals. 

It is a second aspect to present the warm control rolling method, being 
characterized in rolling so that the temperature T x ^ ut right after rolling in each rolling 
process is not higher than the temperature that is higher than the rolling entry 
temperature T x . in by 50°C. 

It is a third aspect of the invention to present the warm control rolling method, 
being characterized in rolling two or more passes consecutively in rolling temperature 
range of 350°C to 800°C, in which the material temperature right after two passes is not 
higher than the temperature that is higher than the material temperature upon start of 
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rolling by 100°C, and not lower than the temperature that is lower than the material 
temperature upon start of rolling by 100°C, and it is a fourth aspect to present the warm 
control rolling method, being characterized in rolling so that the material temperature 
right after two passes is not higher than the temperature that is higher than the material 
temperature upon start of rolling by 50°C. 

It is a fifth aspect of the invention to present the warm control rolling method, 
being characterized in rolling in rolling temperature range of 400°C to 500°C, it is a sixth 
aspect to present the warm control rolling method, being characterized in manufacturing 
steel with Z > 12 or more and mainly composed of texture with average ferrite grain size of 
1 \*m or less, it is a seventh aspect to present the warm control rolling method, being 
characterized in starting rolling, in consecutive multipass rolling, by waiting until the 
rolling entry temperature T x+ i_ in of X+l-th pass becomes T s +20 > T x+ i 4n when the rolling 
temperature T x _o Ut right after X-th pass is higher than the rolling set temperature T s , and 'it 
is an eighth aspect to present the warm control rolling method, being characterized in . 
measuring the processing heat generation Txh at X-th pass in multipass rolling beforehand, 
and defining the rolling entry temperature T x . in in the relation of ^ T x . in > - T X . H » 
supposing Txs to be rolling set temperature. 

It is a ninth aspect of the invention to present the warm control rolling method, 
being characterized in defining the total reduction area at 50% or more in continuous 
rolling, it is a tenth aspect to present the warm control rolling method, being characterized 
in defining the plastic strain, or the strain converted into true strain from the reduction of - 
area at 1.5 or more, it is an eleventh aspect to present the warm control rolling method, 
being characterized in introducing the strain by multidirectional processing, it is a twelfth 
aspect to present the warm control rolling method, being characterized in controlling the 
temperature range before and after rolling by setting the rolling speed and the draft of 
each pass, and it is a thirteenth aspect to present the warm control rolling method, being 
characterized in a step of reheating in the midst of rolling for compensating for 
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temperature drop of material, and a step of cooling in the midst of rolling for 
suppressing temperature rise of material in the continuous rolling. 

In the invention of the present application, having such configuration, the new method of 
controlling by the parameter Z relating to the proposals of the inventors can be applied in 
the continuous rolling process, and a new control rolling method in consideration of 
processing heat generation can be realized as a method of stably manufacturing superfine 
crystal steel of 3 microns to 1 micron or less without any limitation in the pass interval or 
strain speed. 

Brief Description of Drawings 

Fig. 1 is a diagram showing the relation of parameter Z and ferrite average grain 
size relating to formula (1). 

Fig. 2 is front view and dimensional drawing showing caliber shape of groove roll 
of each pass. 

Fig. 3 is a texture SEM image in embodiment 1. 

Fig. 4 is a texture SEM image in embodiment 2. 

Fig. 5 is a texture SEM image in embodiment 3. * 

Fig. 6 is a texture SEM image in embodiment 4. 

Fig. 7 is a texture SEM image in comparative example. 

Best Mode for Carrying Out the Invention 

The invention has many features as discussed above, and its embodiments are 
specifically described below. 

In the method of the invention, in order to manufacture fine ferrite particle 
structure with average ferrite grain size of 3 fim or less as main constituent, that is, to 
manufacture steel having ultrafine texture of average ferrite grain size of 3 jim or less in 
60% or more range of surface area of its section, in principle, the rolling is executed in the 
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following condition: 

<A> In a range of rolling condition parameter Z expressed in formula (1) is 11 
or more (in the case the texture before rolling is ferrite, bainite, martensite, pearlite or the 
like, that is, iron crystal structure is bcc) or 20 or more (in the case the texture before 
rolling is austenite, that is, iron crystal structure is fee), and 

<B> In the rolling process of one pass or more with rolling temperature range 
of a temperature region of 350°C to 800°C, the material temperature upon start of rolling 
of each rolling process does not exceed the maximum temperature of 800°C, and the 
material temperature during rolling and right after final rolling (within 1 second) is not 
lower than 350°C, and then temperature T x _o Ut right after rolling in each rolling process 
(within 1 second) is not higher than the temperature that is higher than rolling entry 
temperature T x . in by 100°C, and the material temperature right after rolling is not lower 
than a temperature that is lower than the temperature right before rolling by 100°C. 

According to the studies by the inventors, the parameter Z in formula (1) is 
known to be an easy index for obtaining ultrafine crystal structure of average grain size, 
and has been already proposed in the application of Japanese Patent Application No. 
2002-54670. The inventors have studied and clarified that the average grain size of 
ultrafine crystals formed by warm processing depends on the processing temperature and 
strain speed, and that the crystal grain size becomes smaller along with increase of rolling 
condition parameter Z which is a function of processing temperature and strain speed. 
To obtain texture of average grain size of 1 jam or less, the rolling condition parameter 
must be set higher than a certain critical value. As a result of experiment by one-pass 
large strain compression process using small sample pieces, the critical value is confirmed 
to be about 11 in the case of bcc structure iron (ferrite, bainite, martensite, pearlite or the 
like), and about 20 in fee structure iron (austenite) (Fig. 1). 

Herein, the strain used in formula (1) may be an industrially simple strain, that is, 
true strain e. For example, supposing the initial area of steel bar to be S 0 and the 
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C-section area after rolling to be S, the reduction of area R is expressed as 
R = (S 0 -S)/S 0 (2) 

Hence, the true strain e is 
e = -Ln(l-R) 

Instead of the true strain, plastic strain obtained by finite element method may be used. 
Calculation of plastic strain is specifically explained in reference documents (Inoue, et aL, 
"Iron and Steel", 68 (2000) 793; Keizaburo Harumi, et aL, "Introduction to finite element 
method" (Kyoritsu Publishing), March 15, 1990). 

More specifically, the plastic strain can be calculated according to the flow shown 
in Table 1. 

Table 1 



Calculation flow of plastic strain 

1. Acquire stress-strain curve corresponding to the processing temperature of material. 

2. Prepare for finite element method calculation. 

(1) Form mesh on the workpiece. 

(2) Determine contact condition; coefficient of friction = 0.3 coulomb condition. 

(3) Determine stress-strain curve and material physical properties. 

3. In the conditions of (1) to (3), calculate by the all-purpose finite element method code, 
for example, ABAQUS. Plastic strain e is expressed in the following formula, and each 
strain increment is calculated by the all-purpose finite element method code. 

~u 

ds x , de y , de 2 : strain increment of x, y, z 
dy^, d/yz, dy^. shearing strain increment 
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l{ds x -ds,J +(de y -dej + {de z - ds J 2 }+|fe + dy% + d r 2 „) 



In the warm control rolling method of the invention, accordingly, the rolling 
condition is set so that the parameter Z may be 11 or more (bcc structure) or 20 or more 
(fee structure) as specified in <A>. 

More important, the temperature is controlled characteristically as in <B> in the 
warm control rolling method of the invention. 

Microscopic local azimuth differences caused by machining large strains by 
warm processing become sources of ultrafine crystals, and in the recovery process taking 
place during processing or after processing, dislocation density in particle declines, and 
crystal grain boundary is formed at the same time and ultrafine texture is composed. If 
the temperature is low, recovery is insufficient, and processed texture of high dislocation 
density is left over. If the temperature is too high, discontinuous recrystals or crystal 
grains by ordinary particle growth become coarse, and ultrafine particle texture of 3 |im 
or less is not obtained. In the invention, therefore, the rolling temperature is limited in a 
range of 350°C to 800°C. 

Rolling is executed by controlling as follows: temperature T x ^ ut right after rolling 
(within 1 second) in each rolling is not higher than 100°C than rolling entry temperature 
T x . in , and the material temperature right after rolling is not lower than 100°C than the 
temperature before rolling. 

This temperature control is also essential for the invention. Without such 
control, actually, if the parameter Z is within the specified range, it is difficult to control 
within the specified crystal grain size at grain size of 3 jim or less. 

T x _o Ut is not higher than a temperature that is higher than T x . in by 100°C, and 
more preferably by 50°C. In consecutive rolling of two or more passes, preferably, the 
material temperature right after two passes should not be higher than a temperature that 
is higher than the material temperature upon start of rolling by 100°C, more preferably by 
50°C, and should not be lower than a temperature that is lower than the material 
temperature upon start of rolling by 100°C. 
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To obtain texture of ultrafine particles with average ferrite grain size of 1 jim or 
less, preferably, the parameter Z should be 12 or more as for <A>, and the temperature 
range should be 400 to 500°C as for <B>. 

In the invention, as described above, in consecutive multipass rolling, if the 
rolling temperature T XM)Ut right after x-th pass is higher than the rolling set temperature Ts, 
rolling should be preferably started after waiting until the rolling entry temperature T x+ i_ in 
of x+l-th pass becomes T s +2o ^ T x+1 _ in , or by preliminarily measuring the processing heat 
generation Txh at x-th pass, it may be desired to set rolling entry temperature T« ^ T x _ in > 
Txs-Tjh supposing T K to be the rolling set temperature. 

The temperature control may have temperature changes as mentioned above, or 
in continuous rolling, it may be designed to reheat in the midst of rolling to compensate for 
material temperature drop, or to cool by force in the mist of rolling for suppressing the 
temperature rise of the material. 

In the invention, the temperature refers to the material surface temperature. 

In the invention, the total cumulative reduction strain increases along with 
increase of strain due to formation of fine crystal particles from the processing particles 
flattened by warm process, and in order to obtain a structure almost completely composed 
of superfine crystals, at least strain of 1.5 is needed, or more preferably strain of 2 or more. 

In this case, the strain is a plastic strain, or reduction of area converted to true 
strain, and averages for rolling may include various rolls, and in the case of bar steel, it 
may be rolled by groove roll. 

In the invention, mechanism for enhancing the strength by phase transformation 
is not used, and addition of alloy element is not needed for enhancing the strength, and the 
steel composition is not limited, and various steel types free from phase transformation 
such as ferrite single phase steel and austenite single phase steel, and steel materials of 
wide composition range can be used. A more specific example of composition comprises, 
by wt.%, 
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C: 0.001 % or more to 1.2 % or less, 
Si: 0.1% or more to 2% or less, 
Mn: 0.1 % or more to 3 % or less, 
P: 0.2% or less, 
S: 0.2% or less, 
Al: 1.0% or less, 
N: 0.02% or less, 

Cr, Mo, Cr, Ni: 30 % or less in total, 
Nb, Ti, V: 0.5 % or less in total, 
B: 0.01% or less, and 

balance of Fe and inevitable impurities, not containing any alloy element. Alloy elements 
such as Cr, Mo, Cu, Ni, Nb, Ti, V, B may be added more than the specified range as 
required, or may not be contained at all. 

Embodiments are shown below and described further. It must be noted, 
however, that the invention is not limited to these examples alone. 

Embodiments 

Table 2 shows the composition (balance Fe) of steel materials in the following 
examples. 

In these examples, cooling is air cooling. 
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Table 2 

(mass%) 



Type of steel 


C 


Si 


Mn 


P 


s 


N 


s.Al 


a 


0.15 


0.3 


1.5 


0.01 


0.001 


0.001 


0.03 


b 


0.10 


0.3 


1.5 


0.01 


0.001 


0.001 


0.03 


c 


0.05 


0.3 


1.5 


0.01 


0.001 


0.001 


0.03 



In Tables 3 to 6 below, the blank right column of pass No. refers to so-called 
"common passing, 11 that is, the same caliber is passed twice, and hence the reduction of 
area is indicated at the second pass. 

The parameter Z is calculated in the final pass because it must be calculated after 
application of a specific strain. The symbols are as follows: t = total time, T = exit 
average temperature, e = total strain. 

<£mbodiment 1> 

A steel material of 80 x 80 x 600 mm having the composition shown in Table 2a 
was heated to 500°C, rolled in caliber at rolling set temperature Tl (499°Q, and rolled in 
21 passes at reduction of area of 91 % (true strain 2.4) until the section was reduced to 24 x 
24 mm. Supposing the total rolling time of 600 s, the set value of Z was 15.0. From Fig. 
1, the ferrite grain size is estimated to be 0.4 micron. 

Caliber shape of each pass is shown in Fig. 2, and the draft and temperature 
changes before and after are given in Table 3. Right after rolling of even-number pass, 
the temperature (exit temperature) T x ^ ut was measured, and when the exit temperature 
was lower than 500°C, rolling of next pass was started immediately, but when exceeding 
500°C, rolling of next pass (odd-number pass) was started after waiting until the material 
temperature dropped below 499°C. As a result, the rolling was carried out in a range of 
entry temperature T x . in of 455 to 499°C (average 495°C) and exit temperature T x ^ ut of 472 
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to 543°C (average 520°C). Therefore, although the maximum processing heat generation 
in rolling of two consecutive passes was 40°C, by setting the rolling waiting time, the 
rolling setting temperature of 499°C did not exceed 550°C throughout the whole rolling 
process. In other words, processing heat generation occurred in each pass, but did not 
exceed the set temperature by more than 50°C. By the total rolling time of 895 s and 
average exit temperature, the value of Z was calculated again, and Z = 14.2 was obtained. 
The calculated ferrite grain size was 0.45 micron. 

In the obtained bar steel, the C section microscopic image is shown in Fig. 3. 
The composition is ultrafine equiaxial ferrite + cementite texture. The average ferrite 
grain size was 0.6 micron. Its mechanical properties are shown in Table 7, and a steel bar 
of excellent tensile strength of 788 MPa was obtained. 



14 



It 



Table 3 



© 
CO 

> 
M 



CO 

O 



£ 

£ o 

£ ^ 

E I 

CD x 



i 
| 

O 

CC 



1 1 

£ £ 

-.2 
o o 



■a S 

<D CO 
CC 



co 
Q_ 



Cf> 



C\J 



CM 



O 

CO 



00 
CD 

oi 



a> 



o 
co" 



co 

CVJ 



15 




Embodiment 2> 

In succession to embodiment 1, further 2 passes were rolled until 17 x 17 mm. 
Caliber shapes are oval and square. Both are large in deformation, and the processing 
heat generation was measured by preliminary experiment* As a result, it was found that 
the material temperature rises by 80°C by consecutive rolling of 2 passes. Accordingly, in 
passes 22 and 23, the entry temperatures T 22 -in> T^in were set at 450°C. Since the 
temperature of pass 21 was 501°C, by waiting until the material temperature dropped to 
450°C, and rolling of pass 22 was started. The exit temperature of pass 23 was 514°C. 
At pass 23, waiting until 464°C, rolling was started, and the exit temperature was 537°C 
(Table 2). The total rolling time was 1112 s, 4.1. 

The obtained texture image is shown in Fig. 4. An ultrafine equiaxial ferrite + 
cementite texture was noted. The average ferrite grain size was 0.5 micron. Its 
mechanical properties are shown in Table 7, and a steel bar of excellent tensile strength of 
830 MPa was obtained. 
<Embodiment 3> 

A steel material of 80 x 80 x 600 mm having the composition shown in Table 2b 
was heated to 900°C, and after once austenizing the texture, the material temperature was 
lowered to rolling set temperature Tl (550°C) to transform the texture to ferrite + pearlite, 
and it was rolled in caliber in 20 passes at reduction of area of 91 % (true strain 2.4) until 
the section was reduced to 24 x 24 mm. Supposing the total rolling time of 600 s, the set 
value of Z was 13.7. From Fig. 1, the ferrite grain size is estimated to be 0.6 micron. 

Caliber shape of each pass, the draft and temperature changes before and after 
are given in Table 4. Right after rolling of even-number pass, the temperature (exit 
temperature) T x _o Ut was measured, and when the exit temperature was lower than 550°C, 
rolling of next pass was started immediately, but when exceeding 550°C, rolling of next 
pass (odd-number pass) was started after waiting until the material temperature dropped 
below 570°C. The entry temperature of odd-number pass was not particularly controlled. 
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As a result, the rolling was carried out in a range of entry temperature T x . in of 440 to 
557°C (average 551°C) and exit temperature T XH)Ut of 536 to 573°C (average 551°C). 
Therefore, although the maximum processing heat generation in rolling of two consecutive 
passes was 23°C, by setting the rolling waiting time, the rolling setting temperature of 
550°C did not exceed 600°C throughout the whole rolling process. In other words, 
processing heat generation occurred in each pass, but did not exceed the set temperature 
by more than 50°C. By the total rolling time of 582 s and average exit temperature, the 
value of Z was calculated again, and Z = 13.5 was obtained. 

The obtained texture image is shown in Fig. 5. The composition is ultrafine 
equiaxial ferrite + cementite texture. The average ferrite grain size was 0.9 micron. Its 
mechanical properties are shown in Table 7, and a steel bar of excellent tensile strength of 
702 MPa was obtained. 
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<Embodiment 4> 

In succession to embodiment 3, further 2 passes were rolled until 17 x 17 mm. 
Caliber shapes are oval and square. Both are large in deformation, and the processing 
heat generation was measured by preliminary experiment. As a result, it was found that 
the material temperature rises by 80° C by consecutive rolling of 2 passes. Accordingly, in 
passes 21 and 22, the entry temperatures T 2 i.i n , T 2 2-in were set at 500°C. Since the 
temperature of pass 20 was 536°C, by waiting until the material temperature dropped to 
500°C, and rolling of pass 21 was started. The exit temperature of pass 21 was 568°C. 
At pass 22, waiting until 550°C, rolling was started, and the exit temperature was 599°C. 
The total rolling time was 662 s, the average exit temperature was 565°C, and Z was 13.6. 

The obtained texture image is shown in Fig. 6. An ultrafine equiaxial ferrite + 
cementite texture was noted. The average ferrite grain size was 1.1 micron. Its 
mechanical properties are shown in Table 7, and a steel bar of excellent tensile strength of 
712 MPa was obtained. 
<Embodiment 5> 

A steel material of 80 x 80 x 600 mm having the composition shown in Table 2c 
was heated to 600°C, and rolled in caliber at rolling set temperature Tl (600°C), in 21 
passes at reduction of area of 95% (true strain 3.0) until the section was reduced to 17 x 17 
mm. Supposing the total rolling time of 300 s, the set value of Z was 13.1. From Fig. 1, 
the ferrite grain size is estimated to be 0.8 micron. 

Right after rolling of even-number pass, the temperature (exit temperature) T x ^ ut was 
measured, and when the exit temperature was lower than 600°C, rolling of next pass was 
started immediately, but when exceeding 600°C, rolling of next pass (odd-number pass) 
was started after waiting until the material temperature dropped below 600°C. The 
entry temperature of odd-number pass was not particularly controlled. As a result, the 
rolling was carried out in a range of entry temperature T x . in of 580 to 619°C (average 
590°C) and exit temperature T x . out of 610 to 648°C (average 630°C). Therefore, although 
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the maximum processing heat generation in rolling of two consecutive passes was 40° C, by 
setting the rolling waiting time, the rolling setting temperature of 600°C did not exceed 
650°C throughout the whole rolling process. In other words, processing heat generation 
occurred in each pass, but did not exceed the set temperature by more than 50°C. By the 
total rolling time of 800 s and average exit temperature, the value of Z was calculated 
again, and Z = 12.2 was obtained. The obtained texture image is ultrafine equiaxial 
ferrite + cementite texture. The average ferrite grain size was 1.4 micron. Its 
mechanical properties are shown in Table 7, and a steel bar of excellent tensile strength of 
640 MPa was obtained. 
<Embodiment 6> 

A steel material of 80 x 80 x 600 mm having the composition shown in Table 2a 
was heated to 500°C, and rolled in caliber at rolling set temperature Tl (475°C), in 21 
passes at reduction of area of 95% (true strain 3.0) until the section was reduced to 17 x 17 
mm. Right after rolling of even-number pass, the temperature (exit temperature) T XH)Ut 
was measured, and when the exit temperature was lower than 475°C, rolling of next pass 
was started immediately, but otherwise, rolling of next pass (odd-number pass) was started 
after waiting until the material temperature dropped below 475°C so as not to exceed 
500°C (Table 5). The entry temperature of odd-number pass was not particularly 
controlled. As a result, the rolling was carried out in a range of entry temperature T x . in of 
440 to 485°C (average 465°C) and exit temperature T XH)Ut of 472 to 499°C (average 496°C). 
Therefore, although processing heat generation occurs in each pass, but does not exceed 
the set temperature by more than 50°C. By the total rolling time of 1128 s and average 
exit temperature, the value of Z was calculated again, and Z = 14.7 was obtained. The 
obtained texture image is ultrafine equiaxial ferrite + cementite texture. The average 
ferrite grain size was 0.45 micron. The tensile strength was 950 MPa. 
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<Comparative example 1> 

A steel material of 80 x 80 x 600 mm having the composition shown in Table 2 
was heated to 500°C, and rolled in caliber at rolling set temperature Tl (550°C), in 21 
passes at reduction of area of 91 % (true strain 2.4) until the section was reduced to 24 x 24 
mm. The pass interval was 15 s. 

Without any particular temperature control, results of rolling are shown in Table 
6. The processing heat generation occurring in each pass was accumulated, and the final 
material temperature was more than 800°C. At the final exit temperature, the value of Z 
was calculated again, and Z was 10.1. At the average temperature, it was 11.9. The 
obtained texture image is shown in Fig. 7. Although it was a ferrite + cementite texture, 
the average ferrite grain size was 4 microns. The ferrite grain size was larger than 
expected from the average temperature. 
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Table 6 
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Table 7 



Embodiment 


Ferrite grain size 


Yield strength 
(MP a) 


Tensile strength 
(MPa) 


1 


0.6 


775 


788 


2 


0.5 


825 


830 


3 


0.9 


683 


702 


4 


1.1 


705 


712 


5 


1.4 


600 


640 


6 


0.45 


940 


950 


Comparative 
example 
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Industrial Applicability 

As described specifically herein, the new method of controlling the parameter Z 
by the present invention can be applied to a continuous rolling process, and the invention 
provides a new control rolling method, in consideration of processing heat generation, as a 
method of stably manufacturing ultrafine crystal steel of 3 microns to 1 micron or less, 
without any limitation in pass interval or strain speed. 
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